The coastal waters of Hawaii are extremely important for recreation as well as for the health of the marine environment. Non-point source pollution from storm runoff poses a great threat to surface water quality in Hawaii. The State of Hawaii Department of Transportation (HDOT) includes infiltration trenches as a best management practice (BMP) option to reduce pollution caused by stormwater runoff. HDOT guidelines state that the implementation of BMPs is needed to reduce sediment and pollutant loads to streams and the ocean. In this study, the suitability of soils adjacent to highways on Oahu for the siting of infiltration trenches was examined. In addition to field surveys and in-situ tests, laboratory investigations on soil properties, infiltration experiments on undisturbed soil columns, and mathematical modeling of hydraulic functioning of the infiltration trench were conducted. Dissolved metal concentrations in highway stormwater runoff were observed to exceed the groundwater environmental action levels for all heavy metals tested, but the soils had high sorption capacity for these metals. The results of the simulations indicated that all the sampled Oahu soils, with one exception, would require less than two hours to drain a filled hypothetical trench. Therefore, these soils are suitable for construction of infiltration trenches as a possible BMP, even when clogging of soil is considered in the simulation.
Introduction
The coastal waters of tropical islands such as those in Hawaii have great economic value to local economies. The quality of the coastal waters is important for recreational users. In many parts of the United States, non-point source pollution from storm runoff is found to impact the quality of surface water [1] [2] [3] . Urban runoff and runoff from the construction and operation of highways can be a source of pollution to coastal waters and the contaminants present in the runoff can have an adverse impact to humans and the marine environment [4, 5] . Sediments, oil and grease, animal fecal matter, and metals are commonly found in highway runoff [6] and their introduction to coastal recreational waters can have negative environmental, aesthetic, and economic impacts. A number of studies have pointed out the occurrence, partitioning, and concentrations of heavy metals, polyaromatic hydrocarbons, and other contaminants in storm water [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . As expected, the first flush is always found to carry contaminants in highest concentrations [18, 19] .
In Hawaii, the H3 Freeway was built in the 1990s to connect the Marine Corps Base at Kaneohe on the windward side of Oahu to the Pearl Harbor Naval Shipyard on the leeward side of the island. This 16 mile (25 km) long freeway was built through some of the most pristine rainforests on Oahu. Limited water quality monitoring data for storm runoff from the construction and operation of H3 on Oahu are available [20] [21] [22] [23] [24] . The Clean Water Branch of the Hawaii Department of Health (HDOH) is trying to develop and implement total maximum daily loads (TMDL) for various streams on Oahu, but lacks sufficient data. The current research, focused on pollution from the highways, was undertaken to obtain additional data on storm runoff water quality and potential mitigation options.
Unlike the continental United States, storm water best management practices (BMP)-such as detention ponds, grassed waterways, wetlands, etc.-are not feasible in Hawaii (particularly on Oahu) due to land limitations as these methods require large footprints. The State of Hawaii Department of Transportation (HDOT) has included infiltration trenches as a BMP option to reduce pollution caused by stormwater runoff. HDOT guidelines state that the implementation of BMPs is needed to reduce sediment and associated pollutant loads to streams and the ocean [25, 26] . In the standard infiltration trench design, highway runoff first passes through swales or buffer strips where most coarse materials and some contaminants are removed. This water then enters the trench and infiltrates through the trench bottom and sides into the surrounding subsurface. While passing through the soil surrounding the trench, sediments, and other pollutants (such as heavy metals, oil and grease, bacteria, and nutrients) are removed.
Mikkelsen et al. [27] point out there is no evidence of groundwater contamination resulting from stormwater infiltration practices; however, they suggested conducting modeling studies to examine various scenarios of operation. Sansalone and Buchberger [3] also showed that infiltration methods such as trenches and porous pavements are suitable to remove heavy metals from stormwater. Maimone et al. [28] examined potential impacts of stormwater infiltration in Philadelphia through modeling and concluded that under heavy rains rising of the water table can cause significant mounding beneath the trench. They cautioned that these trenches should be sited some distance from houses with basements to reduce potential flooding. Freni et al. [29] conducted a conceptual (analytical) modeling of stormwater infiltration trenches and included clogging effects in their model. Chahar et al. [30] developed an analytical expression to simulate infiltration of stormwater through a trapezoidal gravel-filled trench. They pointed out that the surface hydrology of the catchment determines the necessary size of the trench, but the hydraulic conductivity of the 'aquifer' governs emptying times. They developed solutions for steady saturated seepage, which can be used to determine trench size and emptying times.
BMP manuals and handbooks differ from state to state, so individual states have different criteria for infiltration trenches. The Stormwater Permanent Best Management Practices Manual for Hawaii [31] set out the criteria for infiltration trenches which include the porosity of the trench material, site area, runoff coefficient, location, and position of water table. The performance criteria of the infiltration trenches specified in the HDOT BMPs stipulate that they should be fully drained within 48 h.
The main goal of this study was to evaluate planned infiltration trench to reduce pollution from the roadside soils on the island of Oahu, Hawaii. This was achieved by (i) monitoring the characteristics of highway runoff over a period of time to detect the presence of key contaminants, (ii) evaluating the presence of heavy metals in soils along highways, (iii) conducting tests to assess hydraulic properties of soils in situ, (iv) evaluating hydraulic conductivity reduction of the trench soils over extended periods of runoff water infiltration through laboratory studies, and (v) estimating water infiltration through trenches installed adjacent to highways. The results of this study will be useful for Hawaii DOT in the siting of infiltration trenches. 
Materials and Methods

Site Location and Soil Characterization
There are three major freeways on Oahu (H1, H2, and H3) with a total length of 54.9 route miles (88.4 km). Additionally, the state highway system on Oahu has 280.4 route miles (451.2 km). Based on land area availability determined from satellite image data a total of 64 sites were initially considered suitable for placing infiltration trenches. However, a detailed drive-through survey as well as an assessment of soil survey data [32] determined that a majority of those sites would not be suitable for siting trenches due to lack of sufficient right of way, stone or fill soil, being in constructed coastal areas filled with gravel, coral stones, debris, etc. Sixteen sites were eventually selected for final evaluation. Figure 1 is a highway map of Oahu showing these locations. Two soil factors: (a) infiltration capacity and (b) adsorption capacity are considered to be key to the success of infiltration trenches.
Materials and Methods
Site Location and Soil Characterization
At each site, the soil profile was excavated to examine soil texture for comparison against the mapped soil information [32] . Undisturbed soil cores were taken to the laboratory for the development of soil water retention curves. Disturbed soil samples were collected from the sites using a hand auger for conducting infiltration-outflow experiments on repacked columns and batch tests to evaluate sorption characteristics. Subsoil samples (30-50 cm depth) were taken at each site. At each site, the soil profile was excavated to examine soil texture for comparison against the mapped soil information [32] . Undisturbed soil cores were taken to the laboratory for the development of soil water retention curves. Disturbed soil samples were collected from the sites using a hand auger for conducting infiltration-outflow experiments on repacked columns and batch tests to evaluate sorption characteristics. Subsoil samples (30-50 cm depth) were taken at each site.
Soil Physical Properties
In Situ Measurement of Infiltration and Soil Sampling
Direct evaluation of soil hydraulic conductivity was determined in situ using a disk tension infiltrometer [33] . Pressure heads ranging from h = −10 cm to −1 cm were maintained successively on the top of the soil surface and the corresponding infiltration rates were measured. Tension infiltration experiments are usually conducted to measure near-saturated and saturated hydraulic conductivity [34, 35] . The values of unsaturated hydraulic conductivity were estimated from the infiltrometer data using standard procedures [36] . The value of saturated hydraulic conductivity (K s ) was evaluated using data of both soil water retention and unsaturated hydraulic conductivities by the parameter optimization program RETC [37] .
After removing the vegetation cover, saturated hydraulic conductivity was determined at several depths (down to 0.9 m). In addition, disturbed and undisturbed soil samples were taken from the excavated holes for laboratory experiments using either an auger or a core sampler. The actual depth of infiltration measurements at each site varied depending on the hardness of the soil, the ease of (manual) excavation, and the presence of clean soil (i.e., no gravel or boulders that might alter infiltration rates). Bulk density was measured by determining the water content, volume, and dry weights of undisturbed cores (two samples from each location, 60 mm long and 57 mm in diameter).
Soil Water Retention Measurements
Sets of undisturbed soil core samples (each 100 cm 3 , one or two per depth) were collected for the purpose of measuring soil water retention characteristics. Standard methods for measuring retention curves were followed [38] . First, the soil samples were fully saturated and then the samples were drained with applied pressures from −60 to −600 cm. Standard pressure chambers (Soil Moisture Equipment Corp., Santa Barbara, CA, USA) were used. Soil hydraulic parameters were derived from the retention data using the parameter optimization program RETC [37] . The relationship between soil water pressure head and soil water content was described using the Van Genuchten model [39] .
Runoff Collection and Analyses
Stormwater highway runoff was collected at one location on the H3 freeway (at the field office of DOT contractor Parsons Brinkerhoff in Halawa Valley, 99-1070 Halawa Valley St. Aiea, HI 96701, USA) for both Kaneohe and Honolulu bound traffic. The water quality data was measured for both traffic directions and the average value was determined. The estimated annual average daily traffic at Halawa for 2010 was about 47,000 vehicles/day. The collection site, located below an elevated freeway bridge, made it possible to sample stormwater runoff originating from the freeway and not mixed with local soils. Any soil found in the collected sediments must have originated from muddy sediments or dust deposited on the concrete highway surface. In total, fourteen samples were collected during seven storm events between April 2008 and May 2009. The runoff was used in column experiments and batch sorption tests to determine the adsorption capacities of soils for highway contaminants. The runoff was analyzed for pH, dissolved organic carbon (DOC), zeta potential [40] (ASTM Standard, 1985) , heavy metals (Cd, Co, Cr, Cu, Ni, Pb, As, Zn, and Se), total dissolved solids (TDS), total suspended solids (TSS), ions, cations, particle size distribution of sediment [41] , oil and grease, and total petroleum hydrocarbons (TPH) [42] . Colloidal particles can facilitate the transport of metals when the metals bind to them. We analyzed particle size distribution (PSD) of pollutants in runoff in the size ranging from 1 to 1000 nm. Particles were divided into colloidal (1-1000 nm) and non-colloidal form (1-1000 µm).
Concentrations of heavy metals observed in stormwater highway runoff were compared with the environmental action levels (EALs) of the Hawaii Department of Health [43] . The EALs are defined as concentrations of contaminants in soil, soil vapor, and groundwater above which the contaminants could pose a potential threat to human health and the environment. 
Heavy Metals in Soils
Excavated soil samples were used to determine concentrations of heavy metals in soils along highways on Oahu. These samples were retrieved from the same depths as the samples for which water retention curves were developed (from 15 to 65 cm below the surface). The sediment sample (depth of 0-5 cm) around the H3 drain outlet, at the location where the stormwater highway runoff was sampled, were also taken for analysis. Samples were analyzed using an inductively coupled plasma mass spectrophotometer. Concentrations of heavy metals observed in these soils were compared with EALs [43] .
Batch Sorption Tests for Heavy Metals
The soils' capacity to retain heavy metals was tested using the batch equilibration method [44] . Batch sorption tests were carried out for Cd, Co, Cr (total), Ni, and Pb, which were the heavy metals commonly found in highway runoff water collected. Three solutions containing one filtered stormwater runoff, one concentrated standard, and one blank were prepared for the test for each metal. No sorption tests were conducted for the five metals individually, thus competitive sorption effects cannot be discounted. The tests were carried out by placing 0.5 g of sieved soil into a plastic bottle containing 100 mL of each heavy metal solution and shaken for 24 h. After shaking and allowing the mixtures to settle, approximately 30 mL of the solutions were placed in centrifuge bottles and centrifuged at 7500 rpm for 20 min to produce a clear supernatant. About 10 mL of each solution were extracted and acidified with nitric acid to a pH less than 2. The solutions were then analyzed for the heavy metals using inductively coupled plasma-mass spectrometry. The detection limits ranged from 0.01 to 1 ng/mL. The equilibrated concentrations and amount adsorbed per mass of soil were plotted and fitted to the linear sorption isotherm model. The sorption distribution coefficient K d (L/kg) was determined from the slope of the fitted line. These batch sorption experiments determined the heavy metals retention capacity for the soils under examination.
Laboratory Infiltration-Outflow Experiments
Two different types of infiltration-outflow experiments were conducted in the laboratory. First, long-term experiments were designed to study the effect of clogging under continuously saturated conditions in an infiltration trench. Secondly, intermittent infiltration-outflow experiments were used to simulate intermittent rainfall events with continuous saturation of the soil, imitating cyclic operation of the infiltration trench. This situation could be expected to arise in areas of Oahu where the soil does not drain rapidly and there are frequent rainfall events. Both types of experiments were performed on undisturbed soil columns (25 cm high, inner diameter 10 cm).
The instrumentation included microtensiometers consisting of stainless steel cups (316L stainless steel, series 6500, Mott Corporation, Farmington, CT, USA) inserted into the gravel, sand, and soil at various levels to monitor soil water pressure heads in the composite columns. All of the tensiometers were connected to pressure transducers (236PC 15GW, Honeywell Microswitch, Columbus, OH, USA) and connected via multiplexor (AM 416 Relay Multiplexor, Campbell Scientific, Logan, UT, USA) to a data logger (CR10X, Campbell Scientific, Logan, UT, USA). The outflow was measured using buckets placed on load cells (GP 20K, A&D Weighing, Ann Arbor, MI, USA). The effluent was collected to monitor chemical parameters. The columns included overflow drains at the top to allow excess water to flow out thus maintaining a constant head at the top.
Long-Term Clogging Experiments
The infiltration-outflow column experiment (Run 1) and repeated infiltration-outflow experiment (Run 2) were conducted on one undisturbed soil sample from the Sandy Beach location (site no. 15, Figure 1 ) over several months to examine the effect of long-term stormwater loading on infiltration through the trenches. The second run (Run 2) was done after removing sediment-caked gravel from the Water 2018, 10, 1832 6 of 19 gravel layer to simulate typical maintenance for trenches. Because of the time constraints for running this experiment, only one soil was selected for this long-term study. The Sandy Beach location was selected because the sampling location has low saturated hydraulic conductivity and low effective porosity (see Table 1 ). Table 1 . Measured bulk density (BD), saturated water content (θ s ), estimated saturated hydraulic conductivity (K s ), residual water content (θ r ) and Van Genuchten parameters (α, n, l) for soils along Oahu highways. K s , θ r , α, n, and l were estimated using the RETC program of Van Genuchten et al. [37] using Van Genuchten/Mualem model with (m = 1 − 1/n) [39] . Depth of soil samples was 30-50 cm. The experimental setup consisted of an undisturbed soil column (25 cm high) covered by a 0.97-m gravel layer to simulate conditions comparable to those in infiltration trenches. Microtensiometers were installed to allow monitoring of hydraulic head loss due to clogging. A constant water level was maintained by means of an overflow drain located near the top of the column. Input water consisting of highway runoff was continuously stirred in order to maintain homogenous concentrations of particulates and other contaminants. Duration of the first run was 25 days.
At the conclusion of Run 1, the inflow of water was temporarily stopped, a 27 cm layer of gravel was removed from the top in three discrete (each nine cm) layers and the sediment that had collected on each layer was removed and analyzed. Then, the old gravel was replaced with new gravel. Run 2 was a repeat experiment on the same soil column as used for Run 1 for another 48 days. The flow rate was calculated by weighing the outflow. Each experiment was terminated when the rate of change outflow asymptotically approached zero. A complete characterization of influent and effluent quality parameters, including pH, turbidity, PSD, TDS, DOC, TOC, anions, and cations was performed. However, TSS was deemed to be the main parameter affecting clogging since the TSS capture mechanisms in infiltration trenches is important for making design and maintenance recommendations. TSS is usually the target pollutant for stormwater BMPs [45, 46] .
Intermittent Experiment
The intermittent infiltration-outflow experiments were conducted to simulate gravel-filled infiltration trenches subject to intermittent rains as observed on some locations on the islands of Hawaii. Due to time constraints, not all of the 16 soil samples (fourteen locations for retention curves and the Kunia and North Shore sites for laboratory column studies) on Oahu were subjected to the intermittent experiment. Only soils from four locations (Kunia, Sandy Beach (site no. 15), North Shore (site no. 10), and Pali (site no. 11), see Figure 1 ) were selected to represent different soil conditions in the central, east, and north areas of Oahu.
The intermittent infiltration-outflow experiments were done in long PVC columns (125 cm high, 10 cm in diameter) which contained undisturbed soil cores of 25 cm at the bottom. Above the soil, thirteen cm of coarse sand (~0.7 mm mean diameter) was placed to reduce cake formation on the soil surface and to allow the water to flow uniformly to the soil surface. It was observed in the earlier long-term experiment, that there was migration of fines to the soil surface and therefore it was thought that placing a small sand layer would reduce the entry of fine particles to the soil surface thereby preventing premature clogging of the columns. Above the coarse sand, a layer of 80 cm of pea gravel (2-4 cm diameter) (see Figure 2 ) was placed. There was a bypass drain five cm above the gravel layer to maintain a constant head.
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North Shore (site no. 10), and Pali (site no. 11), see Figure 1 ) were selected to represent different soil conditions in the central, east, and north areas of Oahu. The intermittent infiltration-outflow experiments were done in long PVC columns (125 cm high, 10 cm in diameter) which contained undisturbed soil cores of 25 cm at the bottom. Above the soil, thirteen cm of coarse sand (~0.7 mm mean diameter) was placed to reduce cake formation on the soil surface and to allow the water to flow uniformly to the soil surface. It was observed in the earlier long-term experiment, that there was migration of fines to the soil surface and therefore it was thought that placing a small sand layer would reduce the entry of fine particles to the soil surface thereby preventing premature clogging of the columns. Above the coarse sand, a layer of 80 cm of pea gravel (2-4 cm diameter) (see Figure 2 ) was placed. There was a bypass drain five cm above the gravel layer to maintain a constant head. The columns were periodically wetted and drained using the collected stormwater to imitate intermittent rainfall events. The columns were initially filled with highway stormwater runoff and the drainage was initiated by opening effluent valves at the bottoms of the columns. Loss of hydraulic head as a function of time was monitored as the water drained out of the four columns. A peristaltic pump introduced runoff water at the top of the columns. This process was repeated three times: on day 1, day 4, and day 10 for a full 24 h giving two and five day resting periods. Initially the flow rate to the column was 50 mL/min. The saturated hydraulic conductivity of the columns was calculated using Darcy's law. The reason for designing this experiment with three different The columns were periodically wetted and drained using the collected stormwater to imitate intermittent rainfall events. The columns were initially filled with highway stormwater runoff and the drainage was initiated by opening effluent valves at the bottoms of the columns. Loss of hydraulic head as a function of time was monitored as the water drained out of the four columns. A peristaltic pump introduced runoff water at the top of the columns. This process was repeated three times: on day 1, day 4, and day 10 for a full 24 h giving two and five day resting periods. Initially the flow rate to the column was 50 mL/min. The saturated hydraulic conductivity of the columns was calculated using Darcy's law. The reason for designing this experiment with three different flow rates (50, 100, and 125 mL/min) was to examine the effect of more rapid filling of the trenches on clogging.
Modeling of Water Movement from a Potential Trench Site along Oahu's Highways
To evaluate infiltration capacity of trench sites, the two-dimensional model HYDRUS [47] was used. HYDRUS model was previously applied for evaluation of the water flow regime in wastewater trench systems [48, 49] . This process-oriented model is based on a numerical solution of Richards'
equation for soil water flow. In this study, we assumed a hypothetical gravel-filled linear trench 100 cm deep and 100 cm wide. Only half of the trench was considered in the numerical modeling since the center line of the trench is an axis of symmetry shortening the time needed to run the simulation. The domain was divided into 23,501 triangular finite elements. All two-dimensional simulations were based on unit length of the trench. The depth and width of the 2D simulated flow domain (the soil surrounding the trench) were 300 and 250 cm, respectively (Figure 3) , representing a one cm thick vertical slice through the system. The dimensions of the flow domain were chosen to be large enough to meet the requirement that the lower and outer vertical boundaries do not affect the infiltration rate in the vicinity of the trench. Since the trenches are linear structures, a two-dimensional model can approximate the flow phenomenon adequately (a three-dimensional model is not required). In reality, the infiltration trench length can vary depending on site-specific conditions.
To evaluate infiltration capacity of trench sites, the two-dimensional model HYDRUS [47] [48, 49] . This process-oriented model is based on a numerical solution of Richards' equation for soil water flow. In this study, we assumed a hypothetical gravel-filled linear trench 100 cm deep and 100 cm wide. Only half of the trench was considered in the numerical modeling since the center line of the trench is an axis of symmetry shortening the time needed to run the simulation. The domain was divided into 23,501 triangular finite elements. All twodimensional simulations were based on unit length of the trench. The depth and width of the 2D simulated flow domain (the soil surrounding the trench) were 300 and 250 cm, respectively ( Figure  3) , representing a one cm thick vertical slice through the system. The dimensions of the flow domain were chosen to be large enough to meet the requirement that the lower and outer vertical boundaries do not affect the infiltration rate in the vicinity of the trench. Since the trenches are linear structures, a two-dimensional model can approximate the flow phenomenon adequately (a three-dimensional model is not required). In reality, the infiltration trench length can vary depending on site-specific conditions. We assumed homogeneous soil profiles surrounding the trench, derived from the field subsoil hydraulic characteristics (Table 1) . Soil hydraulic functions (retention curve and hydraulic conductivity) were described using a modified Van Genuchten model [50, 51] . In agreement with the elevations of the sampling locations (Figure 1 ), the water table was located far below the trench, not affecting the infiltration rates. Hence, the initial pressure in soil was set to −150 cm in the whole computational domain, representing medium saturation conditions. An important assumption for the simulations is the water level in the infiltration trench. In reality, the level of water in the trench is not fixed but fluctuates in response to runoff events. For the sake of simplicity, we assumed the trench to be running full of water, i.e., 100 cm deep. For the infiltration trench (side and bottom), the hydrostatic pressure boundary condition changing from 0 cm at the top to 100 cm on the bottom of the trench was used. Free drainage condition was used for the lower boundary of the simulated We assumed homogeneous soil profiles surrounding the trench, derived from the field subsoil hydraulic characteristics (Table 1) . Soil hydraulic functions (retention curve and hydraulic conductivity) were described using a modified Van Genuchten model [50, 51] . In agreement with the elevations of the sampling locations (Figure 1 ), the water table was located far below the trench, not affecting the infiltration rates. Hence, the initial pressure in soil was set to −150 cm in the whole computational domain, representing medium saturation conditions. An important assumption for the simulations is the water level in the infiltration trench. In reality, the level of water in the trench is not fixed but fluctuates in response to runoff events. For the sake of simplicity, we assumed the trench to be running full of water, i.e., 100 cm deep. For the infiltration trench (side and bottom), the hydrostatic pressure boundary condition changing from 0 cm at the top to 100 cm on the bottom of the trench was used. Free drainage condition was used for the lower boundary of the simulated domain (Figure 3 ). Top surface and vertical boundaries (excluding the side of the trench) were treated as no-flow boundaries. It is important to note that the setting of the boundary conditions for the trench is a simplification of a real system. However, this numerical analysis was performed to illustrate the dynamics of drainage process of the infiltration trenches including the soil around and beneath the trench.
The fill material of infiltration trenches, usually consisting of coarse gravel, becomes rapidly filled during storm events since it has high saturated hydraulic conductivity. Water storage capacity of a fully saturated infiltration trench of this size, assuming 40% total porosity, is equal to 2 L of water (considering the symmetry of the domain and a unit length of 1 cm of the trench).
According to HDOT guidelines [25] , trenches are required to fully de-water their entire water volume within 48 h after a storm event. Emptying time is primarily influenced by the properties of the surrounding soil, not by the gravel material of the trench itself. Thus, the time required to drain the trench of 2 L water was determined for the selected soils from Oahu using a 2D model.
The main function of the trenches is to retain stormwater in land areas and reduce their outflow to the ocean. However, the gradual physical clogging caused by sediment accumulation inside the trenches severely impairs their hydrodynamic functioning [29, 52, 53] . Clogging of the infiltration trench was taken into account in our modeling analysis by reducing the K s value on the bottom and vertical sidewalls of the trench. This analysis was performed for the sandy beach soil, used in the long-term column experiments which evaluated clogging. A reduced value of K s , estimated from the long-term column experiment, was specified in the model for a 5 mm thick layer of the natural soil in the vicinity of the infiltration trench.
Results and Discussion
Soil Water Retention Characteristics
A list of locations investigated, together with the estimated soil hydraulic parameters, are shown in Table 1 . The values of saturated hydraulic conductivities ranged between 15 and 889 mm/h for 16 soils at selected sites on Oahu. Saturated water content (ranging from 43 to 65%) and bulk density (1.06-1.52 g/cm 3 ) were determined from small undisturbed soil samples. Low values of Van Genuchten n parameter result in relatively high water holding capacity estimates even for smaller values of pressure heads (h~−500 cm). Nevertheless, the soils are also characterized by significant reduction of hydraulic conductivity with decreasing pressure heads. The values of bulk density and saturated hydraulic conductivity reported in Table 1 matched fairly well the soil data presented in earlier studies [54, 55] .
Runoff Quality Variations
In Table 2 , heavy metal concentrations observed in runoff collected from H3 are reported. The observed concentration values are compared with data from California [56] and EALs. EALs values were compiled for screening of contaminated groundwater that could discharge to surface water [43] . The median concentrations of heavy metals we found in H3 runoff are greater than values reported from California for the period from 2000 to 2003. This may be explained by the duration of sampling period and high intensity storms in Hawaii, which effectively flush and carry dissolved pollutants from highways. The values of standard deviations also document a substantial variability of concentrations in time, often associated with flushing. As expected, the observed concentrations in highway runoff exceeded the values of groundwater EAL. Table 2 . Summary statistics (median and standard deviation (SD)) of observed dissolved metal concentrations (µg/L) in stormwater highway runoff from H3 collected on Halawa Valley Street. Median and range values are reported for California highway dataset [56] . EALs values refer for groundwater discharging to surface water [43] . 
Concentration of Heavy Metals in Soils
The results of our analysis of soil from sixteen selected sites show that all the soils contained As, Cd, Cr, Co, Cu, Ni, Pb, Se, and Zn at detectable concentrations (Figure 4) . The elevated concentrations most likely resulted from accumulated road pollution. The concentration of Pb in the soil from the Pali-Kamehameha Hwy. (site no. 7) and the concentration of Cr and Ni in soil from the Kamehameha-Waialua IC (site no. 10) exceeded the Hawaii soil EALs. The median concentration of As in soils sampled along Oahu highways exceeded the soil EAL [43] . In Hawaii, low levels of arsenic are found naturally in native soils. The use of arsenic-based herbicides/pesticides on sugarcane fields took place in the past. It remains unclear if this historic use led to elevated soil concentrations of As along the highways. The topsoil sample from the H3 runoff outlet had a high concentration of Zn. Brakes, tires, and frames of vehicles are the main sources of Zn in urban runoff [57] . 
The results of our analysis of soil from sixteen selected sites show that all the soils contained As, Cd, Cr, Co, Cu, Ni, Pb, Se, and Zn at detectable concentrations (Figure 4) . The elevated concentrations most likely resulted from accumulated road pollution. The concentration of Pb in the soil from the Pali-Kamehameha Hwy. (site no. 7) and the concentration of Cr and Ni in soil from the Kamehameha-Waialua IC (site no. 10) exceeded the Hawaii soil EALs. The median concentration of As in soils sampled along Oahu highways exceeded the soil EAL [43] . In Hawaii, low levels of arsenic are found naturally in native soils. The use of arsenic-based herbicides/pesticides on sugarcane fields took place in the past. It remains unclear if this historic use led to elevated soil concentrations of As along the highways. The topsoil sample from the H3 runoff outlet had a high concentration of Zn. Brakes, tires, and frames of vehicles are the main sources of Zn in urban runoff [57] . Figure 5 shows the saturated hydraulic conductivity during Run 1 and Run 2 of the long-term infiltration-outflow experiments for the Sandy Beach soil. The saturated hydraulic conductivity decreased during both runs (conducted over 25 and 48 days, respectively). The saturated hydraulic conductivity was reduced by 56% within 25 days during Run 1. The saturated hydraulic conductivity of the core during Run 2 slightly increased after the replacement of the gravel before starting this experiment. However, Ks declined again in a few days approximately within the Figure 5 shows the saturated hydraulic conductivity during Run 1 and Run 2 of the long-term infiltration-outflow experiments for the Sandy Beach soil. The saturated hydraulic conductivity decreased during both runs (conducted over 25 and 48 days, respectively). The saturated hydraulic conductivity was reduced by 56% within 25 days during Run 1. The saturated hydraulic conductivity of the core during Run 2 slightly increased after the replacement of the gravel before starting this experiment. However, K s declined again in a few days approximately within the passage of five pore volumes. During the 48 days of Run 2, 53 pore volumes passed through and a 75% reduction of K s occurred.
Long-Term Experiment
At the end of the first experimental run, the top 27 cm of the gravel layer containing the trapped sediment was analyzed. From the analyses (Table 3) , it was found that 60% of the removed sediment was trapped in the top layer of column (within a depth of 9 cm), and only 7% of the total sediment settled at a depth greater than 15 cm. The total 27 cm of gravel contained 58.6 g of particles (dry mass), which originated from applied highway stormwater runoff. At the end of the first experimental run, the top 27 cm of the gravel layer containing the trapped sediment was analyzed. From the analyses (Table 3) , it was found that 60% of the removed sediment was trapped in the top layer of column (within a depth of 9 cm), and only 7% of the total sediment settled at a depth greater than 15 cm. The total 27 cm of gravel contained 58.6 g of particles (dry mass), which originated from applied highway stormwater runoff. 
Intermittent Experiment
The soil always remained saturated during the intermittent infiltration-outflow experiment. This experiment was designed to simulate the situation where a trench receives intermittent pulses of stormwater but the soil surrounding the trench remains essentially saturated.
Two different phenomena were observed when the columns were subjected to flow/no flow cycles. During the flow phases, following a two-day pause, the microtensiometer data indicated that the deposited particles had been drawn down to the gravel-sand or sand-soil interfaces based on the locations of these microtensiometers. Flux data indicated that clogging occurred in the column. The Sandy Beach soil (Koko soil) is derived from volcanic ash, dominated by fine particles (68% silt and 20% clay), and the suspended solids in natural stormwater are predominantly particles of similar sizes. Because of this, self-filtration due to deposition of these similarly sized particles may have caused clogging in this column. While the Sandy Beach column clogged the most, the least clogging occurred in the Pali column ( Figure 6 ). Kunia soils are highly weathered and have high clay and metal oxide content. It is expected that these soils will clog rapidly, which was confirmed in this study. It has been shown that clogging occurs in soils rich in clay minerals due to the deposition and leaching of fine particles [58] [59] [60] [61] . There was visible cake formation at the 
Two different phenomena were observed when the columns were subjected to flow/no flow cycles. During the flow phases, following a two-day pause, the microtensiometer data indicated that the deposited particles had been drawn down to the gravel-sand or sand-soil interfaces based on the locations of these microtensiometers. Flux data indicated that clogging occurred in the column. The Sandy Beach soil (Koko soil) is derived from volcanic ash, dominated by fine particles (68% silt and 20% clay), and the suspended solids in natural stormwater are predominantly particles of similar sizes. Because of this, self-filtration due to deposition of these similarly sized particles may have caused clogging in this column. While the Sandy Beach column clogged the most, the least clogging occurred in the Pali column ( Figure 6 ). Kunia soils are highly weathered and have high clay and metal oxide content. It is expected that these soils will clog rapidly, which was confirmed in this study. It has been shown that clogging occurs in soils rich in clay minerals due to the deposition and leaching of fine particles [58] [59] [60] [61] . There was visible cake formation at the top of the gravel layer due to the accumulation of particulates and sediment from the stormwater influent, indicative of physical clogging. The Sandy Beach and Kunia cores showed the greatest reductions in saturated hydraulic conductivity ( Figure 6 ). top of the gravel layer due to the accumulation of particulates and sediment from the stormwater influent, indicative of physical clogging. The Sandy Beach and Kunia cores showed the greatest reductions in saturated hydraulic conductivity ( Figure 6 ). 
Batch Sorption Tests
The results of batch sorption tests showed large variability of Kd values among the 16 soils as well as between the 5 heavy metals considered in this analysis (Table 4 ). It was found that the values of Kd followed the order: Pb > Cr >> Cd > Co > Ni. Christensen et al. [62] showed Kd values for Cd and Ni within the same orders of magnitude as obtained in our study. Similar orders of magnitude of Kd as in the present study were reported for Cd, Co, and Ni by Anderson and Christensen [63] . Our estimated Kd values for Cr were greater than those found in the literature [64, 65] . Similarly for Pb, Oahu soils seem to have higher adsorption capacity than soils reported in the literature [66, 67] . High sorption capacity is associated with the high content of amorphous aluminosilicates and iron oxides found in many soils derived from volcanic ash in Hawaii [68] . The pH, net charge of the soil, and cation exchange capacity could be other contributing factors.
Relatively large Kd values indicate low mobility of the selected heavy metals in natural soils of Oahu, suggesting that the majority of the heavy metals would remain adsorbed to the soil phase of the soil matrix in the vicinity of infiltration trenches. Table 5 shows simulated infiltration times required for emptying our model trench (dimensions of 1 m by 1 m) initially full of stormwater. The simplified selection of the boundary condition for the trench leads to shorter simulated times than would be seen in reality, i.e., the 
The results of batch sorption tests showed large variability of K d values among the 16 soils as well as between the 5 heavy metals considered in this analysis (Table 4 ). It was found that the values of K d followed the order: Pb > Cr >> Cd > Co > Ni. Christensen et al. [62] showed K d values for Cd and Ni within the same orders of magnitude as obtained in our study. Similar orders of magnitude of K d as in the present study were reported for Cd, Co, and Ni by Anderson and Christensen [63] . Our estimated K d values for Cr were greater than those found in the literature [64, 65] . Similarly for Pb, Oahu soils seem to have higher adsorption capacity than soils reported in the literature [66, 67] . High sorption capacity is associated with the high content of amorphous aluminosilicates and iron oxides found in many soils derived from volcanic ash in Hawaii [68] . The pH, net charge of the soil, and cation exchange capacity could be other contributing factors. Relatively large K d values indicate low mobility of the selected heavy metals in natural soils of Oahu, suggesting that the majority of the heavy metals would remain adsorbed to the soil phase of the soil matrix in the vicinity of infiltration trenches. Table 5 shows simulated infiltration times required for emptying our model trench (dimensions of 1 m by 1 m) initially full of stormwater. The simplified selection of the boundary condition for the trench leads to shorter simulated times than would be seen in reality, i.e., the assumption of a completely full trench during the simulations would be fulfilled only in large runoff events. All soils, except for the Kawaihapai soil at the H3-H1 interchange (site no. 2) which had the least saturated hydraulic conductivity, showed infiltration times less than two hours (Table 5 ). HDOT guidelines [26] , recommend that soils should have infiltration rates higher than 0.52 inch/h (13 mm/h) to be suitable for the siting of infiltration trenches. The Kawaihapai soil with a K s value of 15 mm/h is close to this limit ( Table 1 ). The shortest simulated infiltration time was seen for Honouliuli soil at H1-Kalaeloa Blvd., point 2-the time was as short as three minutes. The difference in infiltration times between Honouliuli soil at point 2 and Kawaihapai soil is primarily attributable to the difference in the saturated hydraulic conductivity (K s ) of the two soils. Table 5 is further supplemented by Figure 7 , where total cumulative flux (bottom and sidewall contributions) through the infiltration trench for all simulated soils is shown. This figure shows the periods needed to empty the trench of given size (1 m by 1 m) and volume of 2 L. The bottom and sidewall contributions to total cumulative flux from such a hypothetical infiltration trench in Kawaihapai soil is depicted in Figure 8 . The vertical sidewalls of the trench are shown to drain a larger volume of stormwater runoff than the bottom of the trench. However, this is due to the greater effective length of vertical sidewall compared with the trench bottom. Due to greater pressure head on the bottom considered in the simulations (h = 100 cm), unit length of the trench bottom showed larger contribution as compared with vertical sidewall.
Modeling of Water Flow from Trenches
Our simulation indicated that for all the sampled Oahu soils, except Kawaihapai, less than two hours would be required to drain our hypothetical trench filled with stormwater. Therefore, these soils are potential candidates for construction of infiltration trenches as a possible BMP. Note that this conclusion is based on soil hydraulic characteristics obtained from the field sampling and does not include uncertainties associated with soil spatial variability and measurement methods.
A value of K s equal to 5 mm/h, estimated from the long-term experiment lasting 48 days (Run 2 in Figure 6 ), was used for a thin soil layer along the infiltration trench to imitate clogging. When soil clogging was considered, only a negligible delay in the infiltration time for 2 L was obtained compared to the time calculated under a no clogging scenario (Table 5 ). This is in agreement with studies by Warnaars et al. [69] , Dechesne et al. [70] , and Toran and Jedrzejczyk [71] who recognized clogging as an insignificant factor. Warnaars et al. [69] concluded that clogging was less important than the lack of knowledge about soil permeability after evaluating 2.75 years of operation of stormwater infiltration trenches in central Copenhagen. On the contrary, some studies focused on continuous long-term monitoring of stormwater infiltration systems suggest that physical clogging takes place progressively [52, 72, 73] and therefore is of considerable importance in evaluating a soil for suitability for trench siting. continuous long-term monitoring of stormwater infiltration systems suggest that physical clogging takes place progressively [52, 72, 73] and therefore is of considerable importance in evaluating a soil for suitability for trench siting. The rate of decline of Ks value of underlying soil during long-term operation of infiltration trenches is likely to depend on the particle size distribution of stormwater highway runoff [74] . In addition, the thickness of the deposition layer with reduced Ks is assumed to expand with time [75] . Higher water fluxes within the gravel material in the trench tend to deposit particles at the interface and in the underlying soil. This will more quickly reduce the hydraulic conductivity of the continuous long-term monitoring of stormwater infiltration systems suggest that physical clogging takes place progressively [52, 72, 73] and therefore is of considerable importance in evaluating a soil for suitability for trench siting. The rate of decline of Ks value of underlying soil during long-term operation of infiltration trenches is likely to depend on the particle size distribution of stormwater highway runoff [74] . In addition, the thickness of the deposition layer with reduced Ks is assumed to expand with time [75] . Higher water fluxes within the gravel material in the trench tend to deposit particles at the interface and in the underlying soil. This will more quickly reduce the hydraulic conductivity of the The rate of decline of K s value of underlying soil during long-term operation of infiltration trenches is likely to depend on the particle size distribution of stormwater highway runoff [74] . In addition, the thickness of the deposition layer with reduced K s is assumed to expand with time [75] . Higher water fluxes within the gravel material in the trench tend to deposit particles at the interface and in the underlying soil. This will more quickly reduce the hydraulic conductivity of the underlying soil during the operational lifespan of the infiltration trenches. Siriwardene et al. [76] showed in a laboratory study that a clogging layer mainly forms at the interface between the gravel material and underlying soil; clogging was caused by sediment particles less than 6 µm in diameter. Particle size distribution of stormwater highway runoff, used for the clogging experiments in our study, showed 80% of particles larger than 10 µm in diameter. Where land is not the limiting factor, on-site measures such as grassed swales can be provided to reduce clogging of the trenches [77] .
Due to the high values of sorption distribution coefficients K d estimated from our batch tests, transport simulations of heavy metals were not pursued in this study. The mobility of heavy metals is expected to be limited based on the short time frame of trench operation considered in our simulations of trench emptying. However, transport of heavy metals is of great importance when considering long-term operation of infiltration trenches.
In this study, highway stormwater runoff was collected at one location, where the influence of runoff containing soil sediment from surrounding area was eliminated. Because of diverse land use in the vicinity of highways, stormwater pollutant concentration can vary significantly [78] . Thus, more collection locations near the highways are proposed to take into account such conditions. The intermittent infiltration-outflow experiments were carried out to simulate intermittent rainfall events with continuous saturation of the soil. The long-term infiltration-outflow experiments were designed to study the effect of clogging under continuously saturated conditions in the infiltration trench such as over a prolonged period of rain. Under field conditions, the infiltration trenches are exposed to both types of effects studied in the two separate laboratory experiments. An improved design of the laboratory experiment may be helpful in analyzing long-term operation of the infiltration trenches under more realistic conditions.
Conclusions
Soils at all of the sites considered in this study contain heavy metals at detectable concentrations, but not exceeding EAL values for soil. Dissolved metal concentrations in H3 runoff exceeded the groundwater EALs for all heavy metals.
A one-dimensional experiment to imitate water flowing through an infiltration trench was carried out for four undisturbed soil samples. Collected stormwater runoff, rather than metal-spiked water was used for the column experiments to determine the adsorption capacities of the soils for highway contaminants. Different experimental procedures included long-term ponded infiltration and flow/no flow cycling to evaluate decreases in saturated hydraulic conductivity. A cake layer formed on top of the gravel surface that was placed atop the soil cores, which resulted in a decline of the outflow rate. Decreasing saturated hydraulic conductivity values were observed during the flow/no flow cycles and the long-term experiment. Gravel has great potential to remove or retain sediment particles, which was demonstrated by the analysis of the total suspended solids.
A two-dimensional numerical model was used to analyze water regime and predict functioning of the infiltration trenches. The results of the simulations showed that all sixteen sampled Oahu soils, with one exception, would require less than two hours to drain our hypothetical trench filled with stormwater. These soils are thus potential candidates for construction of infiltration trenches as a possible BMP, even when clogging of soil was considered in the simulation. In respect to clogging of the infiltration trench, the simulation did not represent the worst-case scenario, as stormwater highway runoff (used for the laboratory experiments) was sampled from an elevated road and thus did not contain soil sediment, which would increase the likelihood of clogging.
Author Contributions: M.S. carried out the laboratory experiments and participated in the writing. J.D. carried out numerical simulations, laboratory batch tests, and participated in the writing. G.A. and L.S. collected the field data, carried out the laboratory analyses, and analyzed the data. C.R. was responsible for the study conceptualization, writing and editing, and supervision. All five authors reviewed and contributed to the final manuscript. 
